The visual systems of most species contain photoreceptors with distinct spectral sensitivities that allow animals to distinguish lights by their spectral composition. In Drosophila, photoreceptors R1-R6 have the same spectral sensitivity throughout the eye and are responsible for motion detection. In contrast, photoreceptors R7 and R8 exhibit heterogeneity and are important for color vision. We investigated how photoreceptor types contribute to the attractiveness of light by blocking the function of Q:2 their subsets and by measuring differential phototaxis between spectrally different lights. In a "UV vs. blue" choice, flies with only R1-R6, as well as flies with only R7/R8 photoreceptors, preferred blue, suggesting a nonadditive interaction between the two major subsystems. Flies defective for UV-sensitive R7 function preferred blue, whereas flies defective for either type of R8 (blue-or green-sensitive) preferred UV. In a "blue vs. green" choice, flies defective for R8 (blue) preferred green, whereas those defective for R8 (green) preferred blue. Involvement of all photoreceptors [R1-R6, R7, R8 (blue), R8 (green)] distinguishes phototaxis from motion detection that is mediated exclusively by R1-R6. photoreceptor | R7/R8 system D epending on its spectral composition and intensity, light can serve as an attractive or repulsive landmark for orientation. Accordingly, animals identify an object or a light source at a certain location in visual space and approach or retreat from it. Phototaxis in insects has been a useful paradigm to gain a better understanding of this behavior. Here we take advantage of Drosophila genetics to investigate the function of the different subtypes of photoreceptors in this behavior.
D
epending on its spectral composition and intensity, light can serve as an attractive or repulsive landmark for orientation. Accordingly, animals identify an object or a light source at a certain location in visual space and approach or retreat from it. Phototaxis in insects has been a useful paradigm to gain a better understanding of this behavior. Here we take advantage of Drosophila genetics to investigate the function of the different subtypes of photoreceptors in this behavior.
The Drosophila compound eye consists of about 750 ommatidia, each containing 8 photoreceptor cells (1) . The six outer photoreceptors (R1-R6) contain a blue-sensitive rhodopsin (Rh1) and show a second sensitivity peak in the UV due to a sensitizing pigment (1) (2) (3) (4) (5) . They are specialized for vision at low light levels and low pattern contrast (1, 6) . They are necessary and sufficient for motion vision, and fly optomotor responses are abolished in their absence (7, 8) . The two inner photoreceptors (R7 and R8) are heterogeneous. Along the dorsal margin of the eye, both R7 and R8 express rhodopsin Rh3 that is sensitive to shorter wavelength UV (9) . This part of the retina is specialized for the detection of the e-vector of polarized light (10, 11) . The remaining part of the retina contains two types of ommatidia called pale (p) and yellow (y). In p-type ommatidia, R7 cells contain Rh3 (R7p) and R8 express bluesensitive Rh5 (R8p). In y-type ommatidia, R7 cells express Rh4 sensitive to longer wavelength UV (R7y) and R8 cells contain green-sensitive Rh6 (R8y) (Fig. 1A) (5, (12) (13) (14) (15) . R7y cells in the dorsal third of the eye coexpress Rh3 and Rh4 (16) . Approximately 30% of the ommatidia are of the p-and 70% of the y-type, with the p-and y-subtypes distributed stochastically in the retina. R7/R8 cells in the main part of the retina appear to be involved in color vision (15) , which requires the comparison of at least two photoreceptors with different spectral sensitivities. This comparison could be between R7 and R8 within one ommatidium or between different (p vs. y) ommatidia (17) , or it could involve outer photoreceptors.
Phototaxis can be tested in different ways (6, 18, 19) . When flies in small tubes illuminated from one side ("light/dark") are disturbed, they rush toward the light for an escape ("fast phototaxis") (20) . In a variant of this behavior, called "differential phototaxis," flies choose between two light sources. Both paradigms have been used to determine the action spectra of phototaxis. Using a light/ dark assay (21) (22) (23) , two peaks of sensitivity were identified, one in the UV and one in the blue, representing mainly the sensitivity of the outer photoreceptors R1-R6 (24) . In differential phototaxis (25) (26) (27) , the UV peak is particularly pronounced.
Mutants with defects in phototactic behavior (20) affect phototransduction and/or cause photoreceptor degeneration [e.g., ninaE 17 (28) rdgB (29, 30) ]. sevenless LY3 mutants (sev) (27) also display phototaxis defects. In these mutants, photoreceptor development is affected because R7 cells are missing, and photoreceptors R1-R6 and R8 are largely intact, although the latter are deprived of their proper optics, the rhabdomere of R7. The sev mutation has been useful for investigating the contribution of R7 to phototaxis behavior. The sensitivity of sev flies to UV measured by ERG Q:7 (27) or light/dark phototaxis (23) is comparable to that of wild-type flies. In differential phototaxis, however, sev flies prefer visible light at intensities where wild-type flies have a strong preference for UV (7, 27, 31) . The "UV vs. visible" choice paradigm is a robust functional assay that was used for genetic screens that identified other genes essential for R7 development (6, 19) .
Functional analyses of R8 cells have lagged behind. Due to their position behind R7 photoreceptors and their small size, their physiological properties are difficult to examine by electrophysiological recordings. The spectral properties of R8 opsins were measured by using the double-mutant rdgB sev, in which R8 were believed to be the only functional photoreceptors (27) , and more recently by expressing R8 opsins in R1-R6 of ninaE 17 mutant cells lacking Rh1 (5). It appears that R8 alone can mediate phototactic behavior at high intensities (32) . However, the contribution of R8 in the presence of an intact R1-R6 system has not been investigated because R8 specific mutants were previously not available. Moreover, the distribution of R8 subtypes is altered in sev flies (33, 34) , possibly confounding results that had assessed the contribution of R8 to phototaxis.
To study the contributions of photoreceptor types to phototaxis, we developed a variant of differential phototaxis involving choices between two different monochromatic lights: UV vs. blue or blue vs. green. We tested various mutants with altered or lost opsin expression, as well as flies in which specific types of photoreceptors were functionally switched off by specifically blocking synaptic transmission. We showed that R1-R6, R7, R8p, and R8y all affect phototaxis. The results are largely consistent with the prediction made by estimating the relative number of quanta captured by each photoreceptor subtype if each subtype is separately weighted. However, some photoreceptor combinations generated effects that To whom correspondence may be addressed. E-mail: claude.desplan@nyu.edu or cd38@ nyu.edu.
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could not be explained by simple summation of the responses of all functional photoreceptors.
These phototaxis experiments provide a first glimpse of a spectralwavelength-dependent attractiveness function used in landmark discrimination. A quantitative description of this function would require measuring all the intensity dependencies of spectral preferences. It will be of interest to compare this function to color vision defined as intensity-invariant hue discrimination, which has been measured by learning and generalization tasks (35, 36) .
Results
Differential Phototaxis. To test the contribution of photoreceptor types to phototaxis, we used a T-maze apparatus (37), adding two different monochromatic light sources (LEDs) at the end of each of the test tubes. Approximately 100 flies were placed at the choice point, and the number of flies that had moved toward each light source was counted 20 s later. A preference index (PI) was calculated as PI = (N L − N S )/(N L + N S ), where N L and N S were the number of flies on the side of the longer and shorter wavelength lights, respectively. To test the ability of the flies to distinguish lights of different spectral composition, we used two combinations of monochromatic lights: UV vs. blue (UV/B), to presumably assay R7 vs. R8 function, and blue vs. green (B/G) for R8p vs. R8y (see below). The wavelength of the lights was chosen such that they stimulate the respective photoreceptor types effectively (Fig. 1 ). R7p and R7y contain UV-sensitive rhodopsins that are tuned fairly closely, and we did not attempt to test the ability of the fly to distinguish in this range of wavelengths.
For the UV/B tests, UV intensity was set to ∼1,000 times the phototaxis threshold of wild-type flies to make sure that the lights could be detected by the R7 and R8 cells. This was more than five times the phototaxis threshold of ninaE 17 , a rh1 null mutant that completely blocks R1-R6 function (3), as tested in separate "light vs. dark" experiments. The intensity of the blue light was adjusted such that wild-type flies distributed equally between UV and blue (PI = 0). As UV is highly attractive for wild-type flies (7, (25) (26) (27) , its intensity was ∼57 times lower than the blue (Fig. 1B, Upper) . For B/ G tests, green intensity was set to ∼500 times the phototaxis threshold of wild-type flies, i.e., 20 times the phototaxis threshold of ninaE 17 further information).
Contributions of Photoreceptors in UV/B Choice Tests. In UV/B choice tests, the UV (peak wavelength 350 nm) was chosen to maximize R7 responses. R7p contains Rh3 maximally absorbing around 345 nm, and R7y contains Rh4 with an absorption maximum around 375 nm (14) . The UV light also optimally stimulated the R1-R6 photoreceptors in the spectral range of the sensitizing pigment (gray curve in The relative numbers of quanta captured by each subtype of the photoreceptors were estimated for the light intensities used ( Fig. 1C ; see also SI Materials and Methods) by taking into account the spectral properties of each photoreceptor subtype (Fig. 1A) and the relative irradiance of each LED (Fig. 1B) . Note that these estimates refer to single photoreceptors and neither their absolute sensitivities nor their relative numbers (e.g., R8p:R8y = 3:7) are taken into account.
Both R8p and R8y photoreceptors respond to blue much more strongly than to UV (Fig. 1C, Upper) . Thus, in the UV/B choice test, mutants impaired in R8p and/or R8y are expected to prefer UV to blue, assuming a simple additive model of photoreceptor function. On the other hand, R7p receptors should respond more to UV than to blue, whereas R7y should respond similarly to UV and blue (Fig. 1C, Upper) . Thus, switching off both R7p and R7y is expected to lead to a preference for blue. These assumptions imply, however, that the attractiveness function of differential phototaxis is not dominated by the R1-R6 photoreceptors which, due to their size, optics, and number are about 10-50 times more sensitive than R7/R8 cells.
Mutants Defective in R7 Function Prefer Blue in UV/B Choice. We first examined the contribution of R7 photoreceptors. sev mutant flies (27) preferred blue in the UV/B choice test (Fig. 2C) , consistent with earlier experiments using a UV vs. green choice test (7) . In addition to the loss of R7 cells, sev flies also have defects in R8: (PR) subtype was estimated for the light stimuli used in UV/B (Upper) and B/G experiments (Lower). Note that these normalized estimates refer to single photoreceptors. Neither their absolute sensitivities nor their relative numbers were taken into account.
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Because R7 cells are required during development for R8p subtype specification, ∼93% of R8 cells in sev mutant flies contain Rh6 (R8y subtype) (33, 34) . To assess the contribution of R7 alone without affecting R8, we silenced R7 cells in the adult after they had correctly instructed R8p cells. We used the Gal4/UAS system (39) to switch off R7 cells using a late R7-specific driver (panR7-Gal4) (40) and, as effector, the temperature-sensitive semidominant allele of shibire (UAS-shi ts ) (41, 42) that switches off synaptic transmission in photoreceptors (43) . The result for panR7 > shi ts flies was not significantly different from that of sev flies: When R7 cells were blocked in this way, flies showed a strong preference for blue over UV ( Fig. 2A) , indicating that it is the impairment of R7 function alone that results in this phenotype.
Mutants Defective in R8 Function Prefer UV in UV/B Choice. Next, we investigated the contribution of R8 in the UV/B choice. As expected, all mutants defective for R8 function showed preference for UV over blue ( empty. Unexpectedly, melt GOF flies also had enhanced preference for UV over blue (Fig. 2B ). This result does not fit the assumption of a simple addition of the responses from each of the photoreceptor types. Because R8p photoreceptors are about 2.5 times as sensitive to blue light as R8y cells (Fig. 1C) an increased sensitivity to blue light compared to blue-light sensitivity in wild type. Yet, the preference was shifted toward the UV (see Discussion for possible interpretation).
Mutants Defective in Both R7 and R8 Prefer Blue in UV/B Choice.
Impairing R7 or R8 function resulted in opposite phenotypes. Therefore, impairing both R7 and R8 might cancel out their effects. To test this, we examined mutants defective for both R7 and R8 function. Because sev mutant flies lack R7 and have very few R8p cells, sev rh6 1 double mutants have only very few R8 cells expressing Rh5
; therefore, the sev rh5 2 rh6 1 triple mutant should have no functional opsins expressed in the inner photoreceptors and the contributions of R7 and R8 to the attractiveness function should be lost (8) . These flies showed a preference for blue over UV. In both the double and triple mutants, the preference for blue was smaller than in sev flies (Fig. 2C) , indicating a contribution of R8y cells in sev mutants. The preference for blue in mutants lacking both R7 and R8 functions indicates a low weight of the R1-R6 subsystem in the attractiveness function and a prevailing contribution of the R7/R8 subsystem for UV in wild type, as had been reported earlier (7, 23) .
We wondered whether the replacement of R8y by R8p cells in the absence of R7 (sev melt GOF ) would also enhance UV attractiveness in the UV/B choice. In this case, however, the preference for blue over UV was increased compared to sev or to panR7 > shi ts flies (P < 0.05) (Fig. 2C) . The distinct phenotypes of melt GOF in the presence and absence of R7 support the notion of a nonadditive interaction between R7 and R8. Photoreceptor R7 might, for example, enhance the input of R8 to the attractiveness function (but see Discussion for melt GOF phenotype). Taken together, these results show that flies impaired for R7 function prefer blue and that flies impaired for R8 function prefer UV. All flies lacking R7 function preferred blue regardless of R8 function ( Fig. 2 A and C) , confirming that the contribution of R7 cells is essential for UV attractiveness. Surprisingly, the effects of replacing R8y with R8p depended on R7 function. The UV/B choice behavior revealed an interaction between R7 and R8.
Mutants Defective in Photoreceptors R1-R6. Flies lacking R1-R6 cells walk more slowly and exhibit severe defects in orientation behavior (44) not observed with any of the R7/R8 mutants, making the direct comparison of these mutants somewhat difficult. Yet, the outer photoreceptors R1-R6 are not essential for phototaxis (32) . We confirmed this result by finding that Q:14 ninaE 17 and rh1 > shi ts flies preferred blue to UV in the UV/B choice (Fig. 2D) . We could assess the attractiveness function of these mutants because their phototaxis scores were normal. Remarkably, both major subsystems, R1-R6 and R7/R8, showed a blue preference by themselves whereas their combination in wild type led to a balance between UV and blue preferences, indicating that these systems contribute nonadditively to the attractiveness function.
These results also show that the R1-R6 subsystem does contribute to the attractiveness function and is not switched off by the R7/R8 subsystem, as suggested by Jacob et al. (22) . This conclusion was strengthened by replacing Rh1 in R1-R6 by the UV-sensitive opsin Rh3{ninaE
17 P[rh1 > 3] (14)}. These flies behaved similarly to wild type in the UV/B choice (Fig. 2D) , showing that the presence of Rh3 in R1-R6 does provide a preference shift toward short wavelengths as compared to flies lacking a functional R1-R6 subsystem (ninaE 17 or rh1 > shi ts flies). As these flies did not show a preference shift toward the UV compared to wild type, as would be . In B and C, results from each mutant were compared to wild type in B. n.s, not significant; *P < 0.05, **P < 0.01, ***P < 0.001; n = 5-6. (D) Contribution of the R1-R6 system in differential phototaxis; both rh1-Gal4/UASshi ts and ninaE 17 (Fig. 2D) , suggesting that without the R1-R6 subsystem the attractiveness function is dominated by the R8 photoreceptors: The contribution of R7 to the attractiveness function seems to require a functional R1-R6 system. If, however, in addition to R1-R6, R8y photoreceptors were also inactivated (ninaE 17
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. In other words, with only R7 photoreceptors left, flies preferred blue in the UV/B choice, and this preference was not affected by the presence or the absence of input from the blue receptor R8p.
Contribution of Photoreceptors in B/G Choice Tests. In the B/G choice, the stimuli (blue peak wavelength 430 nm, green peak wavelength 565 nm; Fig. 1B , Lower) were chosen to characterize the attractiveness function in the spectral range of the two types of R8 photoreceptors, R8p (blue) and R8y (green). The relative numbers of quanta captured by each subtype were estimated for the B/G experiments (Fig. 1C, Lower) in the same way as for UV/B. Whereas R8p is expected to respond to blue more than to green, the response of R8y should be biased toward green (Fig. 1C, Lower) . This predicts that mutants impaired in R8p should prefer green, whereas mutants impaired in R8y should prefer blue, again assuming that the R1-R6 subsystem does not dominate the attractiveness function.
Because R7 cells are mostly sensitive to UV, mutants defective for R7 might show no preference shift in the B/G choice. To test this, we used panR7 > shi ts flies tested at the restrictive temperature, which exhibited a weak preference for green over blue (Fig. 3A) . Attractiveness of blue is likely mediated in part by R7y whose spectrum of absorption overlaps with blue, but not with green (see also ninaE 17 P[rh1 > 3] flies below). As shown above, in panR7 > shi ts flies, R8p and R8y almost balanced each other in the B/G choice as they are sensitive to blue (Rh5) and to green (Rh6). We thus assayed their respective contribution. As predicted from Fig. 1C, rh5 2 mutant flies showed a preference for green (Fig. 3B) . Consistent with the fact that sev flies lack all UV-sensitive R7 and most blue-sensitive R8p, they showed a stronger preference for green over blue than panR7 > shi ts (P < 0.01) or rh5 2 alone (P < 0.001; Fig. 3 A and B) . Both rh6 1 mutant and melt GOF flies lack functional R8y but have UV-and blue-sensitive photoreceptors, with melt GOF mutant flies exhibiting an expansion of blue-sensitive Rh5 to all R8 cells (40) . Both mutants showed a strong preference for blue (Fig. 3C) . Moreover, sev melt GOF flies, which lacked R7 as well, still showed a strong preference for blue, indicating that this preference is mostly due to R8p and that R7 cells contribute less in the B/G choice (Fig. 3C) .
Because loss of blue-sensitive R8p or green-sensitive R8y results in opposite phenotypes in B/G choice, we examined flies in which both R8 subtypes were nonfunctional (rh5 2 , rh6 1 double mutant). These flies still preferred blue over green, similar to the rh6 1 single mutant (Fig. 3D ) and suggesting that R7 cells do contribute to the preference for short wavelengths in these flies. To confirm this, we assayed the contribution of R7 in the absence of functional R8. Both sev rh6 1 double-mutant or sev rh5 2 rh6 1 triple-mutant flies, in which the function of both R7 and R8 is largely or completely lost, did not show a preference for either blue or green (Fig. 3D) .
Taken together, flies lacking R8p function preferred green, whereas flies in which R8y function was impaired preferred blue. It is also apparent that R8 cells play a major role in the B/G choice whereas R7 cells play only a minor role. In the B/G choice, a substantial shift to preference for blue light Fig. 3E ; P < 0.05), demonstrating that Rh3 rhodopsin is sufficiently stimulated by blue light in R1-R6 cells to contribute to the attractiveness function.
As in the UV/B choice, no differences were detected in the B/G choice between ninaE 17 and sev ninaE 17 flies. Both had a pronounced preference for green (Fig. 3E) , suggesting that without R1-R6 the R7/R8 subsystem is dominated by R8 and in particular by R8y. No contribution of R7 to the attractiveness function was detectable under these conditions. Finally, flies that had R1-R6 as well as R8y (ninaE 17 , rh6 1 ) or both types of R8 photoreceptors (ninaE 17 , rh5 2 , rh6 1 ) inactivated showed a very strong blue preference as had been observed in the UV/B choice for these genotypes. As the latter flies had only R7 photoreceptors left in the compound eyes, we assume that, in the absence of functional R1-R6 and R8y photoreceptors, R7 cells mediated this preference in phototaxis (Discussion).
Discussion
Phototaxis consists of at least three behavioral components: (i) detection of an object or a light source in visual space; (ii) the attractiveness or aversiveness of the light stimulus at this location; and (iii) a motor output, in our case goal-directed walking and turning. Our genetic dissection of the visual input to phototaxis relies on the assumption that phototaxis stays intact even if some of these inputs are deleted, i.e., that the mutants can still detect the locations of the two stimuli and move toward or away from them. Although in mutants affecting the R1-R6 subsystem, walking speed, turning, and orientation toward stationary objects are affected (44, 45) , these behaviors are sufficiently intact to support phototaxis. In our experiments, we chose light intensities such that all mutants had at least one photoreceptor type that could detect the light sources and guide walking and turning behavior. This allowed us to measure the second component, the differential attractiveness of 
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Embargoed the two stimuli, which determined the choice between the two monochromatic lights depending upon the photoreceptor types available in the respective fly strains. Flies could judge the attractiveness of a light source on the basis of its spectral composition and/ or spectrally weighted brightness. In the following paragraphs we discuss the contributions of the four types of photoreceptors R1-R6, R7, R8p, and R8y to the attractiveness function.
All Four Photoreceptor Types Influence Attractiveness. Blocking or removing any one of the photoreceptor types shifts the preference away from the point of neutrality in at least one of the choice tests. Silencing the R1-R6 cells leaves the flies with a modest blue preference in the UV/B choice, and replacing their broadly sensitive opsin Rh1 by the UV-sensitive opsin Rh3 shifts the preference in the B/G choice to blue. Removing or silencing R7 in the presence of R1-R6 shifts the preference in the UV/B choice to blue and in the B/G choice to green. Inactivating the green-sensitive Rh6 opsin in R8y cells shifts the preference in the B/G choice to blue and in the UV/B choice to UV. Inactivating blue-sensitive Rh5 in the R8p cells causes a green preference in the B/G choice and a UV preference in the UV/B choice. R7p inhibit R7y photoreceptors. Otherwise, the flies would show a strong UV preference in the UV/B choice. As an alternative explanation, however, it is possible that phototaxis is mediated by the ocelli in flies with only R7 photoreceptors.
Nonlinear Interactions Between Subsystems. As long as only one of the central photoreceptor subsystems R7 or R8 is inactivated, the results can be explained by a model in which the respective photoreceptors contribute roughly additively to the attractiveness function. In the honeybee, all three subtypes of photoreceptors (UV, blue, and green) also feed into phototaxis (46, 47) . Spectral mixing experiments in phototaxis are consistent with simple summation of quantal fluxes (47) , and the action spectra of phototactic behavior also suggest pooling of all three photoreceptor types. Color information, i.e., comparison between different photoreceptors, does not appear to be used in honeybee phototaxis (47) .
A simple summation model thus can no longer explain the results of all of the genetic manipulations of photoreceptor types in Drosophila presented here (7, 23) . When all four photoreceptor types are intact, UV light is more attractive than would be expected from the sum of the UV attractiveness values of the two isolated major subsystems, R1-R6 and R7/R8. In the UV/B choice test that is balanced for wild type, both flies with only the R1-R6 subsystem (sev rh5 2 rh6 1 ) and flies with only the R7/R8 subsystem (rh1 > shi ts or ninaE 17 ) show a blue preference (Fig. 2D) . We thus have to postulate that an interaction between the two major retinal subsystems R1-R6 and R7/R8 enhances UV attractiveness. The interaction cannot be explained by an attenuation of the attractiveness of blue because no increased blue preference of the two mutants is observed in the B/G choice (Fig. 3E) . The interaction can unambiguously be traced to the R7 cells. In fact, the strength of the contribution of R7 to the attractiveness function in the UV/B choice depends upon which of the other photoreceptor types are functional. We cannot detect any effect of R7 on spectral preference without a functional R1-R6 subsystem (comparing ninaE 17 and sev ninaE 17 in both choice tests; Fig. 2D ). We find a moderate effect in the presence of R1-R6 and R8 (comparing wild type and sev; Fig. 2 A and C) whereas the effect of R7 is large in the absence of the R8 subsystem (comparing rh5 2 rh6
1 and sev rh5 2 rh6 1 in UV/B choice; Fig. 2 B and C) . The most parsimonious explanation of our data are to assume that, in the presence of a functional R8 subsystem, neither the R1-R6 nor the R7 subsystems on their own have a direct input to the attractiveness function (Fig. 4 and Fig. S1 ) Q:18 . In the absence of R7 (mutant sev), the R1-R6 subsystem seems not to matter for attractiveness although the R8 subsystem is lacking spectral sensitivity in the UV. Likewise, in the absence of a functional R1-R6 subsystem, the R7 subsystem seems not to contribute. Interestingly, as soon as R8y photoreceptors (or R8p and R8y) are inactivated, the other two subsystems exert their influence on the attractiveness function independently of each other. A full model of these interactions would require a more complete investigation.
R1-R6 rhabdomeres degenerate in ninaE 17 mutants (48), and this degeneration may have secondary effects on the R7/R8 cells. However, as shown in Fig. 2D , there is no significant difference between ninaE 17 mutants and flies expressing rh1>shi ts (P > 0.05), in which R1-R6 function is disrupted without affecting rhabdomere structures. Moreover, it was recently reported that R8y are functional in ninaE 17 mutants because circadian entrainment to red light, which is still observed in ninaE 17 , is abolished in ninaE 17 rh6
1 double mutants (49) . Our data reveal a further deviation from a simple summation of photoreceptor inputs to the attractiveness function. In the melt GOF mutant, green-sensitive R8y cells are transformed into blue-sensitive R8p cells. This should shift their preference in the UV/B choice to blue. Yet, a UV shift is observed. In contrast, in the absence of R7 cells, the transformation of R8y to R8p photoreceptors (comparison between sev and sev melt GOF ) increases the blue preference in the UV/B choice as would be expected from spectral sensitivities (Fig. 1C) . This might indicate that R8p cells enhance the input of the UV channel (R1-R6 × R7) to the attractiveness function. These findings, however, should be treated with caution as unknown developmental defects in the sev and melt GOF mutants might account for the phenotypes (50) .
Using a different phototaxis paradigm, Jacob et al. (22) proposed a model to explain the nonadditive effects observed in their phototaxis experiments. They postulated an inhibition of R1-R6 by R7/R8 and suggested that R7 cells function only when the R1-R6 system is intact. Our results ask for revision of this model. We found no general inhibition of the R1-R6 receptor subsystem by R7/R8. Our data suggest that neither the R1-R6 nor the R7 subsystems have access to the attractiveness function on their own, except in the absence of functional R8y photoreceptors (Fig. 3D) . Moreover, R8p cells in our tests had an effect only in the presence of functional R8y cells.
Rh3-expressing R8 cells in the dorsal rim area account for about 10% of all Rh3 expressing cells. These R8 are still present in sev flies, but are switched off in panR7> shi ts flies. The comparison of these two lines does not reveal an effect of the Rh3-expressing R8 cells in the UV/B choice. Taking these cells into consideration therefore does not change any of the above conclusions.
Concluding Remarks. We have shown that all four photoreceptor types [R1-R6, R7(p, y), R8p, and R8y] are involved in phototaxis, in contrast to motion detection, which relies exclusively on R1-R6 photoreceptors (7, 8) . The wild-type attractiveness function cannot be described as the sum of the attractiveness functions of flies lacking one or more functional photoreceptor types. We observe a multiplicative interaction between photoreceptors R1-R6 and R7.
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In the absence of functional R1-R6 or R7, the attractiveness function is governed by R8. Only in the absence of R8 and one of the other two subsystems does the remaining subsystem govern the attractiveness function. A recent study on the neuronal substrate of spectral preference identified postsynaptic interneurons in the medulla (51) that are good candidates for mediating some of these interactions. Their involvement in differential phototaxis can now be tested.
The attractiveness function of differential phototaxis is easy to record, robust, and sensitive (for example, Rh5-expressing bluesensitive cells account for only ∼4% of all photoreceptors, yet yield a significant phenotype when they are not functional). The attractiveness function may lend itself to mutant screens affecting
other chromaticity computations in the brain, including color vision, at the circuit level.
Materials and Methods
Fly Stocks. Fly stocks were raised as described previously (8 Behavioral Assays. Flies that were 2-7 days old were used. Two fresh plastic tubes (Falcon 352017) were attached to the T-maze, which is similar to the one used for the olfactory paradigm (37) but is black to avoid light transmission. Flies (50-150) were put in the hole of the lift, the light stimuli were turned on, and then the lift was opened for 20 s. The number of flies found in each tube was counted. The PI was calculated as described in Results. See SI Materials and Methods for details about "light vs. dark" experiments and shibire experiments. review the author affiliation and footnote symbols carefully, (ii) check the order of the author names, and (iii) check the spelling of all author names and affiliations. Please indicate that the author and affiliation lines are correct by adding the comment "OK" next to the author line. Please note that this is your opportunity to correct errors in your article prior to publication. Corrections requested after online publication will be considered and processed as errata.
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